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Edited by Vladimir SkulachevAbstract Disturbance of peroxisome function can lead to vari-
ous degenerative diseases during ageing. Here, we show that in
yeast deletion of PEX6, encoding a protein involved in a key step
of peroxisomal protein import, results in an increased accumula-
tion of reactive oxygen species and an enhanced loss of viability
upon acetic acid treatment and during early stationary phase.
Cell death of ageing-like yeast cells lacking PEX6 does not de-
pend on the apoptotic key players Yca1p and Aif1p, but instead
shows markers of necrosis. Thus, we conclude that loss of perox-
isomal function leads to a form of necrotic cell death.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Necrosis1. Introduction
Peroxisomes are ubiquitous organelles involved in various
metabolic processes [1]. In humans, loss of peroxisomal func-
tion leads to peroxisome biogenesis disorders, such as Zell-
weger syndrome and neonatal adrenoleukodystrophy,
emphasizing the functional importance of these organelles
[2–4]. The biogenesis and proliferation of peroxisomes requires
a group of proteins, termed peroxins, which are encoded by the
PEX genes [5–7]. The majority of the peroxins are peroxi-
somal membrane proteins involved in peroxisomal protein
import [8–10].
Peroxisomal proteins are nuclearly encoded, synthesised on
free polyribosomes in the cytoplasm and post-translationally
targeted to the organelle [11]. The transport of peroxisomal
matrix proteins into the peroxisomal lumen is mediated by
receptor proteins. These soluble receptors bind their cargo pro-
teins in the cytosol and deliver them to the peroxisomal mem-
brane, where the receptor–cargo complex interacts with
components of the docking complex [9,10,12,13]. The peroxin
Pex6p (in association with Pex1p) acts downstream of receptor
docking in the terminal steps of peroxisomal matrix protein
import [14]. Mutations in PEX6 lead to a cytosolic mislocalisa-Abbreviations: H2O2, hydrogen peroxide; DHE, dihydroethidium;
ROS, reactive oxygen species; PI, propidium iodide; wt, wild-type
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doi:10.1016/j.febslet.2008.07.023tion of peroxisomal matrix proteins, like the catalase [15] and
to a reduced abundance of peroxisomes [16].
Here, we demonstrate that deletion of PEX6 increases acetic
acid-mediated necrotic cell death in Saccharomyces cerevisiae.
Furthermore, we show that the absence of PEX6 results in a
dramatic loss of viability in early stationary phase, indicating
a role of Pex6p in maintaining viability during ageing-like
stress conditions.2. Materials and methods
2.1. Yeast strains and molecular biology
Experiments were carried out inS. cerevisiae BY4741 (MATa his3D1
leu2D0 met15D0 ura3D0) and respective null mutants, obtained from
Euroscarf. All strains were grown at 28 C on SC medium consisting
of 0.17% yeast nitrogen base (Difco), 5% (NH4)2SO4 and 2% glucose,
supplemented with 30 mg/l of all amino acids (except 80 mg/l histidine
and 200 mg/l leucine), 30 mg/l adenine and 320 mg/l uracil. Construc-
tion of the Dpex6Dyca1 and the Dpex6Daif1 double mutant strains
was performed according to Gueldener et al. [17]. For disruption of
the genes YCA1 and AIF1, a URA3-cassette from plasmid pUG72
[17] was ampliﬁed by PCR (primers for YCA1: 5 0-ATA GGA GCC
AAA AAT ATG AAG ATG AGC CTC GAA GTT TAT CCA
GCT GAA GCT TCG TAC GC-3 0 and 5 0-CTA CAT AAT AAA
TTG CAG ATT TAC GTC AAT AGG GTG TGC ATA GGC
CAC TAG TGG ATC TG-3 0; primers for AIF1: 5 0-CCC TGC ATG
ATT AGT CCT TTT TAT CTG GCT GGA CAA ATG AAG
CCA GCT GAA GCT TCG TA-3 0 and 5 0-GTT ATC AAG CGA
TTG ATA ACT CTA ATG CAC AGG TGT AAT ACC GGC
ATA GGC CAC TAG TTG GAT CTG-3 0) and transformed into
Euroscarf PEX6 (YNL329c) disruption strain (Mat a; his3D1; leu2D0;
met15D0; ura3D0; YNL329c::kanMX4). Recombinants were selected
and tested for correct chromosomal integration by polymerase chain
reaction. For abrogation of the mtDNA (rho0), BY4741 wild-type
(wt) and Dpex6 cells were grown in full media containing 10 lg/ml ethi-
dium bromide for 3 days. The resulting respiratory deﬁciency was con-
ﬁrmed by complete lack of growth on obligatory respiratory media
(glycerol).2.2. Survival plating and test for cell death markers
For experiments testing oxygen stress, cultures were inoculated at
low cell density (5 · 105 cells/ml), incubated for 12 h and exposed to
0.6 mM hydrogen peroxide (H2O2) for additional 8 h. For testing ace-
tic acid tolerance, the cells were incubated for 16 h and exposed to
100 mM acetic acid (pH 3) for additional 4 h.
For survival plating, cell cultures were diluted in water, cell concen-
tration was determined with a CASY cell counter (Scha¨rfe Systems,
Germany) and aliquots containing 500 cells were plated on YEPD
plates (4% glucose). The number of colonies was determined after 2
days at 28 C. Notably, at least three diﬀerent clones with respect to
self generated double mutants were tested for the survival plating to
rule out clonogenic variation of the observed eﬀects. To calculate
P-values, a T-test, one-tailed, unpaired was used. Apoptotic tests usingblished by Elsevier B.V. All rights reserved.
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quantiﬁed using FACS Aria or a ﬂuorescence reader as described
[18,19].
For chronological ageing experiments, cultures were inoculated
from fresh overnight cultures at low cell density (5 · 105 cells/ml) and
aliquots were taken out to perform survival plating and tests for apop-
totic markers as described [19–21]. All experiments were performed at
least three times.3. Results
3.1. Deletion of PEX6 signiﬁcantly enhances acetic acid-
mediated necrotic cell death in S. cerevisiae
Due to the high peroxisomal consumption of O2, peroxi-
somes are considered as a source of oxidative stress. Peroxi-
somes harbour several powerful defence mechanisms and
antioxidant enzymes, such as catalase and glutathione peroxi-
dase, most likely to protect the cells against oxidative damage
[22]. Recently, it has been shown that catalase prevents acetic
acid-mediated cell death accompanied by a reduction of intra-
cellular H2O2 levels [23].
To investigate a possible function of peroxins in yeast cell
death, we performed a screen, in which 24 strains deleted in
peroxisomal function were challenged with H2O2 and aceticFig. 1. PEX6 deletion enhances oxidative stress and necrotic cell death upon
wild-type (wt) and Dpex6 mutant cells (pex6) after treatment with or withou
(5 · 105 cells/ml) and incubated for 16 h and exposed to 100 mM acetic acid
data representing mean ± S.E.M. of three diﬀerent samples analyzed at the sa
accumulation using DHE-staining of the same cell samples from experim
***P < 0.001. DHE pos., DHE-positive cells. (C) Quantiﬁcation (FACS a
integrity using Annexin V/PI-costaining of the same cell samples from experim
Survival determined by clonogenicity of wt and Dpex6 mutant cells (pex6) a
(5 · 105 cells/ml), incubated for 12 h and exposed to 0.6 mM hydrogen peroxid
as a control. A representative experiment is shown, with data representing
***P < 0.001.acid, the latter known to induce both apoptosis and necrosis
in budding yeast [24].
Of note, a strain lacking the gene PEX6 showed the most
pronounced survival defect, when exposed to acetic acid. In
a plating assay measuring clonogenic survival, we could ob-
serve that after treatment with 100 mM acetic acid Dpex6 cells
exhibited only 30% survival compared with 70% of the
treated isogenic wt (Fig. 1A). These results indicate that perox-
in Pex6p is involved in acetic acid-induced cell death.
Reactive oxygen species (ROS) have been shown to be both
necessary and suﬃcient for inducing apoptosis and necrosis
[25,26]. We next quantiﬁed the generation of ROS by using
dihydroethidium (DHE). In the cell, DHE can be oxidised
by ROS into ﬂuorescent ethidium, which can be measured
by ﬂow cytometry or using a ﬂuorescence reader. As shown
in Fig. 1B, deletion of PEX6 resulted in an enhanced accumu-
lation of ROS upon acetic acid exposure as compared to the
isogenic control. The percentage of DHE-stained cells corre-
sponded to cell death observed in the plating assay (Fig.
1A). Consistently, we observed that in Dpex6 mutant cells
exposure to H2O2 resulted in enhanced cell death as compared
to the wt control (Fig. 1D).
In order to determine the nature of cell death in a PEX6
deletion strain, we tested the Dpex6 and the isogenic wt straintreatment with acetic acid. (A) Survival determined by clonogenicity of
t (untreated) acetic acid. Cultures were inoculated at low cell density
(pH 3) for additional 4 h. A representative experiment is shown, with
me time. ***P < 0.001. (B) Quantiﬁcation (ﬂuorescence reader) of ROS-
ent shown in (A). In each experiment, 5 · 106 cells were evaluated.
nalysis) of phosphatidylserine externalisation and loss of membrane
ent shown in (A). In every experiment 30000 cells were evaluated. (D)
fter treatment with H2O2. Cultures were inoculated at low cell density
e (H2O2) for additional 8 h. Untreated wt and Dpex6mutant cells serve
mean ± S.E.M. of three diﬀerent samples analyzed at the same time.
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acid. The simultaneous detection of phosphatidylserine exter-
nalisation and loss of membrane integrity with FITC-conju-
gated Annexin V and propidium iodide (PI), respectively,
discriminates between early apoptosis (Annexin V+), late
apoptosis eventually leading to secondary necrosis (Annexin
V+/PI+), and primary necrosis (PI+) [19]. Our experiments re-
vealed that after treatment with 100 mM acetic acid, the num-
ber of cells only positive for PI was more than two times higher
in the strain lacking gene PEX6 than in the corresponding wt,
whereas the number of Annexin V/PI double positive cells,
indicative of late apoptosis, was only 30% higher in a Dpex6
mutant as compared to the similarly treated wt strain (Fig.
1C). These results provide evidence that in a Dpex6 mutant
the excessive cell death triggered by acetic acid is due to necro-
sis.
3.2. Ageing-like induced cell death in a Dpex6-mutant does not
depend on the apoptotic key players Yca1p and Aif1p
Age-related diﬀerences in peroxisomal enzyme activities and
overall organelle function [27,28] prompted us to investigate
whether Pex6p also plays a role in a physiological death sce-
nario such as chronological ageing. The chronological life span
is the length of time a population remains viable during sta-
tionary phase [29]. For chronological ageing experiments we
continuously cultured wt and Dpex6 mutant cells in synthetic
complete (SC) medium for several days and monitored theFig. 2. Dpex6-mediated cell death of ageing-like cultures is accompanied b
clonogenicity of wt and Dpex6 mutant cells (pex6) in ageing-like conditions
mean ± S.E.M. of three diﬀerent samples aged at the same time. (B) Quantiﬁ
at day 1 and day 2 of the same cell samples from experiment shown in (A). In
DHE-positive cells. (C) Quantiﬁcation (FACS analysis) of phosphatidylserin
costaining at day 1 and day 2 of the same cell samples from experiment
Fluorescence microscopy of DHE-, and AnnexinV/PI-costaining of wt and Dp
DIC, diﬀerential interference contrast.portion of living cells using a plating assay. Deletion of
PEX6 resulted in a severe loss of viability already during early
stationary phase after 2 days of incubation (Fig. 2A). Further-
more, after 2 days of cultivation 50% of the Dpex6 cells, but
only 20% of the wt cells displayed ROS accumulation (Fig.
2B and D).
Our previous experiments revealed that during chronologi-
cal ageing, cells accumulate oxygen radicals and die exhibiting
markers of apoptosis [21,30]. We therefore asked whether
pex6-induced cell death in ageing-like cultures is accompanied
by phenotypic manifestations of apoptosis. Interestingly, sim-
ilar to acetic acid stress conditions, we observed a pronounced
increase of PI single stained cells in the Dpex6 mutant (from
about 4% to 50%) as compared to the wt (from about 2.5%
to 25%) during the ﬁrst 2 days of cultivation (Fig. 2C and
D). The elevated level of PI positive cells in an ageing-like
Dpex6 culture indicates loss of membrane integrity and necro-
sis.
Moreover, we provide evidence that Dpex6-induced death of
yeast cells during early stationary phase does not depend on
the apoptotic key players Yca1p and Aif1p. Our experiments
revealed that neither deletion of YCA1 nor deletion of AIF1
rescued the loss of viability in ageing-like Dpex6 cells (Fig.
3A). We conclude that during early stationary phase cell death
triggered by mislocalisation of peroxisomal matrix proteins is
not apoptotic, but necrotic. Since many cell death scenarios de-
pend on mitochondrial function [31,32], we generated wt asy phenotypic manifestations of necrosis. (A) Survival determined by
. A representative ageing experiment is shown, with data representing
cation (ﬂuorescence reader) of ROS-accumulation using DHE-staining
each experiment, 5 · 106 cells were evaluated. ***P < 0.001. DHE pos.,
e externalisation and loss of membrane integrity using Annexin V/PI-
shown in (A). In every experiment 30000 cells were evaluated. (D)
ex6mutant cells (pex6) at day 2 of the ageing experiment shown in (A).
Fig. 3. Dpex6-mediated cell death of ageing-like cultures does not depend on the apoptotic key players Yca1p and Aif1p. Survival determined by
clonogenicity of (A) wt, Dpex6, Dpex6Dyca1 and Dpex6Daif1 cells and (B) wt, Dpex6, wt rho0 and Dpex6 rho0 cells during chronological ageing. A
representative ageing experiment is shown, with data representing mean ± S.E.M. of three diﬀerent samples analyzed at the same time.
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incapable of oxidative phosphorylation. As shown in Fig.
3B, we observed a dramatic decrease in cell survival in both
wt rho0 and Dpex6 rho0 cells upon ageing-like mediated stress.
In fact, lack of respiratory function via abrogation of mtDNA
led to a similar behaviour in the Dpex6 strain, as compared to
the wt. This might indicate that mitochondrial respiration and
peroxisomal function act in the same mechanistic pathway to
protect the cell during early stationary phase. Alternatively,
the early death of the wt rho0 strain during stationary phase
could mask a possible rescuing eﬀect of rho0 mutation during
Dpex6-mediated cell death. However, to gain further insights
into the mechanistic eﬀect, further experiments need to be done
using scenarios where rho0 mutation does not per se compro-
mise survival of wt cells.4. Discussion
Recent results have revealed that catalase prevents acetic
acid-mediated cell death with a reduction of intracellular
H2O2 levels [23]. The fact that peroxisomes harbour several de-
fence mechanisms and antioxidant enzymes, like catalase and
glutathione peroxidase to protect the cell against oxidative
damage [22] prompted us to investigate the role of peroxins
in various cell death-mediating scenarios.
In this paper, we demonstrate that deletion of PEX6 causes
necrotic cell death upon treatment with acetic acid (Fig. 1).
Furthermore, we show that Pex6p is also involved in the phys-
iological death scenario of chronological ageing. Deletion of
PEX6 led to a dramatic loss in viability already after 2 days
of cultivation. The Dpex6-induced cell death of ageing-like
yeast cultures was accompanied by phenotypic manifestations
of necrosis, giving a possible contribution of the peroxin Pex6p
in protecting cells from damage upon ageing-like mediated
stress.
The heterodimeric Pex1p–Pex6p complex performs the dislo-
cation of the receptor protein Pex5 from the peroxisomal mem-
brane to the cytosol, resulting in receptor recycling [33–36].
Moreover, it has been shown that a mutation in PEX6 causes
mislocalisation of peroxisomal matrix proteins, such as the cat-
alase, to the cytosol [15]. We suggest that pex6-induced cell
death under conditions of stress, such as acetic acid treatmentor early stationary phase, is due to an accumulation of Pex5p
as well as a depletion of matrix proteins and antioxidant en-
zymes in the peroxisomal lumen. As a result, Dpex6 mutant
cells might not be able to deal with higher levels of ROS, being
toxic for the cell. Consistently, we could observe that in Dpex6
cells treatment with acetic acid or during ageing-like condi-
tions is accompanied by an enhanced generation of ROS
(Fig. 1B and 2B), which have been reported to serve as regula-
tor of apoptotis and of necrotic cell death [25,26]. Interest-
ingly, recent ﬁndings have revealed a novel function of
peroxin Pex6p in suppression of clonal senescence of atp2 mu-
tant cells in S. cerevisiae. Seo et al. [37] have shown that Pex6p
rescues the mitochondrial dysfunction in the atp2mutant CS16
by correcting the mitochondrial deﬁcit in Atp2p. The mito-
chondrial dysfunction results from ineﬃcient import of Atp2p
into mitochondria [37]. This would favour the hypothesis that
the protective eﬀects of PEX6-dependent peroxisomal function
are, at least to some extent, connected to mitochondrial pro-
cesses.
Besides its role in peroxisomal protein import, Pex6p could
also function as a molecular chaperon to cope with various
stress conditions. Pex6p belongs to the AAA-family of proteins
(ATPases associated with a variety of cellular activities) [38],
which are known to be involved in the assembly and disassem-
bly of protein complexes, in protein folding and unfolding, as
well as in protein degradation [39].
The exact role of Pex6p in cell death regulation under vari-
ous stress conditions, such as acetic acid treatment and early
stationary phase remains to be elucidated. The investigation
of other peroxins might be a useful tool to gain further insight
into the complex mechanisms of ageing and stress response.
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